ABSTRACT Light harvesting complex II (LHCII) is the most abundant protein in the thylakoid membrane of higher plants and green algae. LHCII acts to collect solar radiation, transferring this energy mainly toward photosystem II, with a smaller amount going to photosystem I; it is then converted into a chemical, storable form. We performed time-resolved femtosecond visible pump/mid-infrared probe and visible pump/visible probe absorption difference spectroscopy on purified LHCII to gain insight into the energy transfer in this complex occurring in the femto-picosecond time regime. We find that information derived from mid-infrared spectra, together with structural and modeling information, provides a unique visualization of the flow of energy via the bottleneck pigment chlorophyll a604.
INTRODUCTION
The trimeric light harvesting complex II (LHCII) is the most abundant protein in the thylakoid membrane of higher green plants and green algae. Approximately 50% of the chlorophylls (Chls) in the thylakoid membrane are contained in the LHCII complex, which is mainly associated with the photosystem II (PSII). Since Thornber and Ogawa independently discovered LHCII >40 years ago (1, 2) , the complex has been the subject of intense study, using a broad variety of experimental techniques (3) (4) (5) (6) . LHCII acts to collect solar radiation and transfers this energy toward PSII and photosystem I (PSI) where it is converted into a chemical, storable form. LHCII thus acts as an antenna, directly increasing the effective absorption cross section of PSI and PSII by funneling energy toward them. It has also been established that LHCII contributes to photoprotection (7, 8) and energy dissipation under high light conditions (9) (10) (11) (12) . In addition, LHCII is involved in regulating the distribution of absorbed energy between the two photosystems (13) .
In the native form, LHCII is a trimer of three identical monomers, each with a mass of~25 kDa. From the crystallographic data described in Liu et al. (14) with 2.72 Å resolution (and later on with 2.5 Å resolution in (15) ), it is known that every monomer contains six chlorophyll b molecules, eight chlorophyll a molecules, and 232 amino-acid residues (see Fig. 1 ). Furthermore, four carotenoid binding sites were found, in which two luteins and one neoxanthin were unambiguously identified, but no precise assignment has been given for the fourth carotenoid, which is thought to be involved in the xanthophyll cycle. The LHCII carotenoids play a major role in the stabilization of the structure. A variety of studies, such as transient absorption, time-resolved fluorescence, and photon echo spectroscopies, have been performed to study the dynamics of excitation energy transfer within the LHCII complex. Chl-b-to-Chl-a transfer and transfer among Chl a pigments was found to occur with time constants of 150-300 fs, 600 fs, and 2-5 ps; however, a slower process taking place on a 10-20 ps timescale was also observed (6, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
Additional information on the timescales and possible pathways of energy transfer has become available from application of a disordered exciton plus modified Redfield relaxation theory to LHCII, where knowledge of the structure, the effective dipole moments of Chls, and the spectral density of electron-phonon coupling is used to model steady-state spectra and time-resolved data at a quantitative level (5, 27) . This has led to a picture in which dimers or trimers of very close-lying pigments equilibrate on a very fast subpicosecond timescale, followed by transfer between clusters on the stromal and luminal sides. The isolated position of a Chl b (b605 in the Liu nomenclature (14) ) and a Chl a (a604) molecule in the structure (Fig. 1 ) leads to very slow transfer from and to these pigments, so-called bottleneck states, with transfer times of~1-3 ps and 40 ps, leading to a population and depopulation of a604 in 0.5-1 ps and 10-20 ps, respectively (5) .
To provide a direct link between spectroscopic data, reporting on the dynamics of energy transfer and crystallographic data and then reporting on the structure of LHCII, we have performed time-resolved visible-pump/mid-infrared (IR) probe measurements on trimeric LHCII complexes. So far, to our knowledge, no ultrafast infrared measurements have been reported for LHCII. Time-resolved infrared spectroscopy is a highly specific technique, able to give information on the connection between the dynamics of energy transfer in proteins and specific structural details, as it is sensitive to subtle variations in bond length and angle changes. Signals in the infrared are often of small intensity, which means that, to assign specific signatures, the spectral information has to be compared with data previously available from different experimental techniques and from theoretical modeling. The data obtained with time-resolved infrared spectroscopy are, however, of sufficient resolution for us to recognize specific dynamic changes, as demonstrated in our previous work on the reaction centers proteins and PSII core complexes (28) (29) (30) (31) . Importantly, with infrared spectroscopy we can make the connection between dynamics and structure, which cannot be done with any other technique.
In this work, we have studied the 1600-1800 cm À1 spectral range. This region probes mainly the absorption changes in the C¼O stretches of the chromophore (and protein), i.e., the 13 1 -keto and 13 2 -ester modes, and a mode sensitive to the macrocycle structure. The keto and ester modes are sensitive to the presence and strength of hydrogen bonds that the Chl may engage at these positions with the protein. Energy transfer between pigments having different strengths of hydrogen bonds with the protein should therefore show up as time-dependent absorption changes in the region of the 13 1   -keto and 13 2 -ester bands. Furthermore, we have used selective excitation wavelengths to assign ground-state bleached bands pertaining to Chls b and Chls a molecules and to better disentangle the energy transfer dynamics. By connecting the information obtained from the analysis of infrared data with the structural data from the crystal structure of LHCII, it is therefore possible to link the flow of excitation energy to the response of specific molecules in the structure. We also recorded induced electronic absorption changes in the Q Y spectral region of the Chls. This facilitates recognizing the contribution of the Chl b and of the Chl a pigments in the spectra, and allows us to determine the extent of excitationexcitation annihilation present in the visible-midIR experiments. We had previously applied this approach to study the dynamic-structure relation in the core antenna complexes of PSII, CP43, and CP47 (30, 31) . One of the principal points of our article concerns the assignment of a specific infrared signature to the bottleneck state in the energy transfer dynamics of LHCII, indicated by previous modeling studies as Chl a604.
MATERIALS AND METHODS

Sample preparation
The isolation of LHCII trimers particles has been carried out as described in Leeuwen et al. (32) with some modifications. PSII membranes were diluted in BTS400 buffer: 20 mM Bis-Tris (pH 6. 
Experimental setup
The transient absorption experiments in the visible and mid-IR spectral ranges were performed with a setup described in more detail in Groot et al. (33) . Briefly, the output of a Ti:Sapphire regenerative-amplified laser system operating at 1 kHz (Hurricane; SpectraPhysics, Mountain View, CA) is divided in three beams. One beam was sent to a homebuilt noncollinear optical parametric amplifier (NOPA) system to generate the excitation pulse at the desired center wavelengths of 650, 660, and 675 nm. A narrow bandwidth (11.5 nm, full width at half-maximum at 650 nm; 5 nm, full width at half-maximum at the other wavelengths) and high conversion efficiency in the NOPA were obtained by placing an appropriate interference filter in the path of the white-light seed of the NOPA. The second beam was sent into a traveling-wave optical parametric amplifier of superfluorescence (TOPAS, light conversion) equipped with difference frequency-generation to generate the probe pulse, with a central wavelength of 5952 nm (1680 cm À1 ). With the third beam, a white light continuum was generated by focusing it on a 2-mm , respectively. The pump beam was polarized at the magic angle orientation (54. 7 ) with respect to each probe beam with a Berek polarizer. The sample was moved during the measurement in a Lissajous scanner to ensure a fresh spot for every excitation pulse. A phase-locked chopper operating at 500 Hz was used to ensure that every other shot the sample was excited and the changes in transmission and hence optical density could be measured. The time delay between pump and probe beams was controlled by sending the pump beam over a moveable delay line.
The instrument response function for both variants of the setup, determined via the cross-correlation of pump and probe was~150 fs. The energy per pulse for the mid-IR measurements was set to~80-100 nJ, for the visible/ visible measurement pulse energies of 5, 25, 50, 75, 100, and 120 nJ were used. All measurements were performed at room temperature. The sample concentration for all measurements was~0.5 optical density for a 20-mm path length at 675 nm.
Data analysis
The transient data were analyzed using a global fitting routine as described in Leeuwen et al. (34) . For each excitation wavelength, a set of 150 scans for all 32 channels was averaged and 69 time points per scan were taken. Each time point is the average value of 500 laser pulses. All the collected datapoints were analyzed together. The signal/noise ratio of all measurements performed was >5:1.
RESULTS
Visible pump/mid-IR probe measurements
Time-resolved visible pump/mid-IR probe measurements were performed by using three different excitation wavelengths: 650 nm preferentially exciting Chl b pigments; 675 nm preferentially exciting Chl a molecules; and an intermediate less-specific 660-nm excitation wavelength. Two representative time traces measured at 1606 and 1681 cm À1 upon excitation of LHCII trimers at 650 nm, with a power of~100 nJ are shown in Fig. 2, A and B . The line through the data is a fit with time constants of 0.2 ps, 3 ps, 27 ps, and a long-lived component, and a (Gaussian) component that follows the instrument response function instantaneously (not shown). The latter describes the coherent interaction of the laser pulses in the sample and will not be further discussed here.
650-nm excitation
Using the 650-nm excitation wavelength, data were collected with a spectral resolution of 6 cm À1 and with a higher 3 cm À1 resolution in two smaller, partially overlapping, spectral windows. All time traces collected in the region 1750-1590 cm À1 are well fitted with the four time constants of 0.2 ps, 3 ps, 27 ps, and a nondecaying component. Fig. 3 shows the spectral evolution of the time-dependent absorption changes when fitted to a sequential model (state 1, state 2, state 3, state 4) yielding evolution-associated difference spectra (EADS) (34) . In the EADS representing the initial spectral component (Fig. 3, black line) (35) . However, we attach significance to this spectral component, because it is absent when excitation at 660 and 675 nm is used (see below).
The exact frequency of the keto stretch of a chlorophyll molecule depends on whether or not it has a hydrogen bond and on the polarity of its environment. The stronger the hydrogen bond, or the larger the polarity of the environment, the lower the frequency of the 13 1 C¼O mode. The positive absorption difference signal at <1670 cm À1 is due to the downshift of the 13 1 keto C¼O stretch in the excited state. A similar shift to lower frequencies was observed for the excited state of Chls a in the CP43 and CP47 antenna complexes (30, 31) and in the photosystem II reaction center (28) . In tetrahydrofuran (in which Chl is in a non-hydrogen-bonded form) the keto stretch of Chl a downshifts from 1695 to 1660 cm
À1
and that of Chl b from 1700 cm À1 to 1650 cm À1 (see Fig. 4 ). In LHCII, the bleached bands change in amplitude and shift in time, indicating the bleaching of different sets of Chl a and b molecules as the energy transfer progresses (Fig. 3) . After 200 fs, the spectrum (represented by the red line in Fig. 3 ), living for 3 ps, appears. Here we mainly see an overall decay of the excited state absorption band, an almost complete recovery of the 1701 cm À1 bleached band and the appearance of two different bleached signals, at 1692 and 1680 cm À1 . In the following evolution (Fig. 3, red to green line), we mainly see an increased population of pigment(s) with a keto mode at 1685 cm À1 and a slight recovery of all the other bleached modes. Finally, the green spectrum decays in 27 ps into the blue component, living for >2 ns, where we observe a further minor decay for the bleach at~1680 cm À1 and a 50% loss (as compared to the initial component) in the excited-state absorption at 1630 and 1600 cm À1 .
660-and 675-nm excitation
Upon 650 nm, for a large part, we directly excite the Chl b molecules. We collected data upon excitation at 660 and 675 nm to progressively excite more Chl a directly than Chl b (Fig. 5) shows the absorption spectrum of the LHCII trimers overlaid by the shape of the excitation pulses used. Each dataset was fitted with a set of 2-4 exponential decays.
In Fig. 6 we compare the EADS with similar time constants obtained for the different excitation wavelengths with each other. The EADS of the longest-lived component (>1 ns, see Fig. 6 D) are very similar to each other, showing that, independently of the excitation wavelength, after~30 ps an equilibrated state is reached. To offset the dynamics at earlier times from this equilibrium spectrum, we show the averaged nanosecond spectrum in each of the other panels. In Fig. 6 A, the EADS of the first kinetic component are plotted; note that here the lifetime of the EADS range from 0.2 to 3 ps. Clearly, the band at 1701 cm À1 , highlighted in gray, and possibly that at 1682 cm À1 , highlighted in red, are typical for 650-nm excitation, and are therefore most likely due to a group of Chl b molecules. In the spectra obtained with 660-and 675-nm excitation, we observe bands at 1692 cm À1 (highlighted in green) and at 1680 cm À1 (highlighted in orange). In Fig. 6 B, we then compare the EADS of the following lifetime component (note that for 675-nm excitation, we plot the 3-ps spectrum once more). There is a relatively large resemblance of the~3:6 ps EADS with the >1-ns averaged spectrum. Surprisingly, however, the EADS of the next phase, living for~30 ps (Fig. 6 C) , show The absorption spectrum of trimeric LHCII complexes overlaid with the transmission spectra of the interference filters used to set the pump wavelength.
Biophysical Journal 97(12) 3215-3223 a deviation from the equilibrated spectrum as an additional band at 1685 cm À1 (highlighted in blue). This band is depopulated in~25-30 ps, leading to the final spectrum, with bleachings at 1692 cm À1 and 1680 cm À1 . The total decay of the signal within the timescale of the experiment (2 ns) is approximately a factor of 3-6. The main loss takes place in the first few 100 fs and is mainly due to annihilation (see below for more discussion).
Visible pump/visible probe measurements
To obtain an independent measure of the amount of Chl a and b molecules excited at 650 nm, we collected transient pump-probe spectra in the visible region of the spectrum. In addition, the relatively small signals in the mid-IR spectral region necessitated the use of a pulse energy that probably resulted in an excitation density of >1 excitation per trimer. The visible transient signals were therefore recorded as a function of excitation power, to determine the extent to which excitation-excitation annihilation influenced the dynamics.
In Fig. 7 , time traces recorded at 650 nm and 675 nm are shown for excitation energies of 5 nJ and 100 nJ. The time traces of each dataset were fitted simultaneously, using a sequential scheme with four decreasing rates. The corresponding EADS are shown in Fig. 8 . The time constants obtained for all pulse energies are very similar: 0.25, 2.6 ps, 17 ps, and >1 ns. Only at the lowest excitation power of 5 nJ, two longer time constants are found for the first two components: 0.33 ps and 5 ps. The time-zero spectra show two bleaching signals centered at 650 nm and at 675 nm due to the ground-state bleach and stimulated emission of Chl b and Chl a molecules, respectively. The bleaching at t ¼ 0 of the absorption at 675 nm may be due to ultrafast Chl-b-to-a energy transfer occurring within our instrument response function (~130 fs) and to direct excitation of Chl a molecules at 650 nm via vibronic transitions. At 5 nJ, the fast decay in amplitude for the 650-nm bleach, in conjunction with the rise at 675 nm, indicates Chl-b-to-Chl-a transfer with a time constant of 0.33 ps. A small fraction of Chl b molecules remains populated and transfers its excitation energy after 5 ps. However, this does not result in a gain of signal at 675 nm, probably because of compensation by excitation annihilation among Chl a pigments on this timescale, showing that even at the lowest pulse energy, we are not annihilationfree. Indeed, the next spectral evolution, occurring in 17 ps, shows an almost 50% reduction of signal. The spectral evolution at higher pulse energies is up to a factor-of-2 faster, except for the 17-ps component, and consists of a progressive decay of the signal.
As it can be observed in Fig. 8 , the spectral shape of the signal obtained with higher excitation energies is different from that at 5 nJ. In all cases there is a higher contribution of the signal at 660-665 nm (the blue side of Chl a absorption) on the picosecond timescales and the appearance of an excited-state absorption band at <630 nm for the~0.26 ps and 2.6 ps EADS. We furthermore note that the second EADS are clearly red-shifted with respect to the first and third ones and that there is a gain of signal at~685 nm in the last spectral component (see Fig. 8 ). Similar observations, consisting of a dynamic blue shift followed by a red shift of the absorption difference signal in the Chl a Q Y region at high excitation densities, were made for the antenna complexes CP43 and CP47 (30, 31) , for aggregates of protochlorophyllide in H 2 O (O. Sytina, V. Novoderezhkin, R. van Grondelle, and M. L. Groot, unpublished data), and in the bacterial light harvesting system, LH2 (36) . These observations are probably due to the population of multiexciton states, as a result of the high excitation density (36) . More elaborated research on this specific topic is currently carried out in our group.
DISCUSSION
The timescale of the dynamics in LHCII in the mid-IR spectral range is similar to that in the visible region. The visible transient spectra collected as a function of the pulse energy show that with the excitation power used in the mid-IR, multiple excited states are created in one complex, and that annihilation of these excited states leads to a net loss of signal. The fact that excitation-annihilation leads to an acceleration of the observed energy transfer times (5,37) is in line with the observation of a decrease of the first time constant from 0.33 fs to 0.25 fs, and of the second time constant from 5 ps to 2.6 ps. Furthermore, the net loss of signal in the mid-IR (a factor of~3, see Fig. 3 ) is in line with the observed amount of annihilation in the visible absorption difference spectra. We have computed the relative amount of annihilation associated with each time constant by dividing the areas of the absorption difference spectrum for each pair of time constants (results are reported in Table  1 ). The visible spectra show, upon using excitation densities >5 nJ, some spectral features that may be ascribed to transitions from multiexciton levels are observable. We note additional intensity in the Chl a Q Y region (675 nm) in the first component and a dynamic blue shift followed by a red shift of the signal. In the mid-IR, we expect, in first-order, not to see multiexciton effects on the bleached carbonyl modes.
Assignments of the IR bands to specific Chl a and b molecules
Using the crystal structure of LHCII we can obtain an assignment for the bleached signals observed in our spectra. We will compare this assignment with the results of a modeling study on the dynamics of energy transfer in LHCII based on the Redfield theory (5, 27) . Crystallographic data suggest that several chlorophyll molecules are in close enough contact with protein residues and structural water molecules to be engaged in hydrogen bonds via their C¼O groups. In Table 2 we have collected a list of the hydrogen-bond partners of these pigments as found in Liu et al. (38) . In the EADS of the initial kinetic component obtained by exciting the sample with a 650-nm pulse (see Fig. 6 A), two bleaching bands at 1701 cm À1 and 1682 cm À1 can be observed. This spectrum is clearly different from the initial spectra obtained upon excitation of the Chl a molecules. The combination of our broad excitation pulse, and fast~100 fs energy redistribution among several of the Chl bs, as suggested in the literature (5, 27) , makes it likely that all Chl b molecules participate in the 0.2 ps EADS. However, in the visible we see a Chl a contribution already in the first component, which means that the 1701-and 1682-cm À1 band must be assigned to Chl b but partially also to blue-absorbing Chl a pigments. The high frequency of the 1701-cm À1 band is an indication that this keto group is free of hydrogen-bond interactions. The Chls b indicated as b601, b605, b606, and b607 have no H-bonding partner, and could therefore all contribute to the 1701-cm À1 band. There are two Chl bs with an H-bond: His-68 ND1 binds to Chl-b609 and Chl-b608 has an even stronger H-bond to Arg-70 NH1. Putative Chl a candidates who might contribute in this region to a small extent are Chl a602 with two H-bonds to Try-44 N and Trp-46 N, and a604 to an even smaller extent with its H-bond to Leu-113 N (38) .
The second EADS, for all excitation wavelengths, is fairly similar to the long-term equilibrated spectrum (see Fig. 6 B in comparison with Fig. 6 D) . However, after 3-6 ps, we see that spectral dynamics still occurs since a significant extra population of a (group of) pigment(s) with a keto band at 1685 cm À1 is then created (Fig. 6 C, blue marked band). This band decays after~30 ps, and an equilibrated spectrum is formed that is constant up to the nanosecond timescale. The Redfield modeling studies (5, 27) suggest the population of a bottleneck in the energy transfer process on this timescale, formed by Chl a604. The transient population of the 1680-cm À1 band can be identified with this pigment as, from the crystal structure, it appears that Chl a604 can indeed participate in a hydrogen bond, as it is at a short distance from Leu-113 N (38) , which would agree with a downshifted position for its carbonyl absorption at 1685 cm À1 . The population and depopulation times to and from this pigment found in this study coincide reasonably well with those obtained in the Redfield modeling of various spectroscopic data (5, 27) , of Chl a604 population in 1 ps and depopulation in~20 ps. Note that although this process is clearly resolved in the mid-IR data, in our own and in previously reported (5, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) visible pump-probe data, only a decay of amplitude is observed, without a specific spectral signature.
The final spectrum is characterized by the bleaching of one main band at 1680 cm À1 , and a second minor band at 1692 cm À1 (orange and green marked bands in Fig. 6 D) . According to the Redfield model, in the final equilibrated state, a predominant population of the a610-a611-a612 cluster (mostly a610) is reached (5, 16) . Chl a610 can be engaged in a hydrogen bond to Gly-158 N, justifying the low frequency of the 1680 cm À1 band. The other pigments, a611 and a612 do not have a hydrogen bond, and may therefore be responsible for the band at 1692 cm À1 with the reduced amplitude, reflecting the lower population of these two pigments relative Leu-113 N b608
Arg-70 NH1 b609
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Gly-158 N to a610. The location of this cluster on the outer side of the LHCII trimer is likely to provide a good connection with the other subunits of PSII.
CONCLUSION
By applying femtosecond infrared spectroscopic measurements on LHCII we have provided a direct link between spectroscopic data, reporting on the dynamics of energy transfer, and crystallographic data, reporting on the structure of LHCII. Combination of our data with the results from the Redfield model and the information derived from the crystal structure of LHCII provides a unique visualization of the flow of energy through LHCII, and provides experimental support for the role of pigment Chl a604 as a bottleneck state.
